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Abstract

Damage to hippocampus can occur through many causes including head trauma, ischemia, stroke,
status epilepticus and Alzheimer’s disease. Certain changes such as increased levels of
neurogenesis and elevated concentrations of multiple neurotrophic factors that ensue in the acute
phase after injury seem beneficial for restraining hippocampal dysfunction. However, many
alterations that arise in the intermediate to chronic phase after injury such as abnormal migration
of newly born neurons, aberrant synaptic reorganization, progressive loss of inhibitory gamma-
amino butyric acid positive interneurons including those expressing reelin, greatly declined
neurogenesis and sustained inflammation are detrimental. Consequently, the net effect of post-
injury plasticity in the hippocampus remains inadequate for promoting significant functional
recovery. Hence, ideal therapeutic interventions ought to be efficient for restraining these
detrimental changes in order to block the propensity of most hippocampal injuries to evolve into
learning deficits, memory dysfunction, depression, and temporal lobe epilepsy. Neural stem cell
(NSC) grafting into the hippocampus early after injury appears alluring from this perspective
because several recent studies have demonstrated therapeutic value of this intervention, especially
for preventing/easing memory dysfunction, depresion and temporal lobe epilepsy development in
the chronic phase after injury. These beneficial effects of NSC grafting appeared to be mediated
through considerable modulation of aberrant hippocampal post-injury plasticity with additions of
new inhibitory gamma-amino butyric acid positive interneurons, and astrocytes secreting a variety
of neurotrophic factors and anticonvulsant proteins. This review confers advancements made in
NSC grafting therapy for treating hippocampal injury in animal models of excitotoxic injury,
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traumatic brain injury, Alzheimer’s disease and status epilepticus, potential mechanisms of
functional recovery mediated by NSC grafts placed early after hippocampal injury, and issues that
need to be resolved prior to considering clinical application of NSC grafting for hippocampal

INTRODUCTION

Hippocampus is an area of the brain vital for functions such as learning, memory and mood
[1,2]. Itis also one of the brain regions that reacts to injury or neurodegeneration with robust
plasticity [3-7]. Hippocampal injury can manifest from numerous causes, which comprise
head trauma, ischemia, hemorrhagic stroke, acute seizures, status epilepticus (SE),
encephalitis, brain tumors, drug withdrawal, exposure to chronic unpredictable stress, and
Alzheimer’s disease (AD) [8-12]. Typically, the acute phase after hippocampal injury is
exemplified by increased neurogenesis from neural stem cells (NSCs) located in the
subgranular zone (SGZ) of the dentate gyrus (DG) and enhanced levels of multiple
neurotrophic factors [13-16]. Increased neurogenesis is also associated aberrant migration of
newly born neurons into the dentate hilus (DH) and the molecular layer, and projection of
axons from newly born neurons into the dentate molecular layer, which eventually lead to
significant synaptic reorganization in the hippocampus [17-19].

Although the above mentioned post-injury changes in the hippocampus are likely innate
compensatory mechanisms to restrain the overall dysfunction, some of which are not
considered beneficial for recovery. For instance, alterations in the migration and
connectivity of newly born neurons have been shown to contribute considerably towards DG
hyperexcitability and development of chronic epilepsy after injury [17-19]. Furthermore,
early post-injury compensatory alterations are inadequate for promoting recovery of
function as most injuries to the hippocampus have a predilection for evolving into learning
deficits, memory and mood dysfunction, and/or chronic temporal lobe epilepsy (TLE)
typified by spontaneous recurrent seizures (SRS) [20-22]. These impairments in the chronic
phase after injury are typically linked with greatly waned neurogenesis from NSCs [14],
reduced neuronal differentiation of newly born cells [23], altered integration of newly born
neurons through their abnormal migration and/or occurrence of synaptogenesis on basal
dendrites projecting from newly born neurons into the DH [24], and prominently reduced
concentration of neurotrophic factors that are important for NSC proliferation and
differentiation as well as maintenance of normal cognitive and mood function. These include
the brain-derived neurotrophic factor (BDNF), the fibroblast growth factor-2 (FGF-2) and
the glial cell-line derived neurotrophic factor (GDNF) [14,15,25]. From this perspective,
intervention strategies that are efficient for preventing or restraining the progression of the
original precipitating injury into memory and mood dysfunction and chronic epilepsy
development have immense value [26]. Ideal therapeutic interventions are those capable of
promoting normal levels of neurogenesis with apt incorporation of newly generated neurons
into the injured hippocampal circuitry. These requirements are important because the
ongoing hippocampal neurogenesis is widely believed to play vital roles in the formation of
hippocampal-dependent memories and the maintenance of mood function [1,27,28], and the
likelihood that abnormal neurogenesis that ensues after injury contributes to an aberrant
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synaptic reorganization in the hippocampus, memory and mood dysfunction, and chronic
TLE development [29,30].

NSCs are well suited for treating Hippocampal Injury

NSCs are self-renewing, multipotent cells capable of generating all three central nervous
system phenotypes (neurons, astrocytes and oligodendrocytes). Cell therapy using NSCs as
donor cells has received great interest as one of the promising therapeutic interventions for
restraining hippocampus injury-induced memory and mood dysfunction and chronic TLE
development [8,26,31]. This concept is buoyed by multiple characteristics of these cells.
First of all, multipotent NSCs can be harvested/generated easily from multiple sources such
as fetal, postnatal and adult brain tissues, embryonic stem cells (ESCs), and induced
pluripotent stem cells (iPSCs) [32-35]. Second, NSCs and their progeny can survive well in
hypoxic conditions prevailing in the injured brain regions [36], migrate and integrate into
regions of the brain displaying neuron loss and inflammatory reaction in the form of
hypertrophy of astrocytes, activation of microglia and increased concentration of pro-
inflammatory cytokines [37,38]. Third, NSCs have the potential to replace significant
numbers of lost interneurons that secrete the inhibitory neurotransmitter gamma-amino
butyric acid (GABA, Fig. 1) to regulate the activity of excitatory neurons and to maintain
normal network function in the hippocampus [25,39,40]. Fourth, considerable fractions of
the progeny of NSCs readily differentiate into astrocytes capable of secreting beneficial
neurotrophic factors that promote neuroprotection, ease seizures [25,39,40] and enhance
neurogenesis via stimulation of the proliferation of endogenous NSCs in the hippocampus
[41,42]. Fifth, NSCs give rise to oligodendrocytes after grafting, which can repair myelin
sheaths of axons in demyelinated regions of the brain [43]. Sixth, NSCs exhibit considerable
anti-inflammatory properties. For example, a single intravenous injection of NSCs can
considerably suppress neuroinflammation following experimental autoimmune
encephalomyelitis, an animal model of multiple sclerosis [44] and NSC transplantation in an
animal model of AD can attenuate inflammatory activity [37]. Additionally, NSCs can be
genetically engineered prior to grafting to deliver neuroprotective proteins to the injured
brain [45]. These characteristics make NSCs the most versatile type of donor cells for
treating brain injury or neurodegenerative diseases.

NSC grafting early after hippocampal injury can prevent impairments in memory, mood
and neurogenesis

Several studies using animal models have shown the promise of NSC grafting intervention
for easing hippocampal dysfunction after injury (Table 1). A recent study revealed that
grafting of NSCs expanded from the anterior subventricular zone (SVZ) of the postnatal
brain into the hippocampus of young adult rats early after injury is an efficacious approach
for thwarting memory impairments and depression typically found in the chronic phase after
injury [39]. Specifically, NSC grafting preserved ability for making spatial and recognition
memories and prevented increased depressive-like behavior. Maintenance of normal
memory and mood function in animals receiving SVZ-NSC grafts after hippocampal injury
was linked with excellent survival and widespread migration of graft-derived cells,
differentiation of significant percentages of NSC graft-derived cells into different subtypes
of GABA-ergic interneurons secreting calcium binding proteins calbindin and parvalbumin
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(PV), and glial cells such as astrocytes, oligodendrocytes and oligodendrocyte progenitors
[39; Figure 2].

Grafting of NSCs also restrained several pathological features that are believed to have
adverse effects on memory and mood function in the chronic phase after injury. It appeared
that NSC grafting preserved mood and memory function after hippocampal injury via
several mechanisms. First, the acute phase after injury typically enhances hippocampal
neurogenesis as well as promotes abnormal neurogenesis typified by aberrant migration of
newly born neurons into the DH and the molecular layer and projection of basal dendrites
from newly born neurons projecting into the DH. Whereas, the chronic phase after injury is
characterized by greatly declined production of newly born neurons and persistence of
abnormal pattern of neurogenesis, which closely parallel cognitive and mood dysfunction
seen after hippocampal injury [14,22,39]. Interestingly, NSC grafting normalized the extent
and pattern of neurogenesis in the injured hippocampus (Fig. 3) with proliferation of NSCs
in the neurogenic SGZ maintained at par with levels seen in the age-matched intact
hippocampus and to greater levels seen in the injured hippocampus receiving no grafts [39].
Moreover, animals receiving NSC grafts to the injured hippocampus also displayed
increased neurogenesis in the hippocampus contralateral to injury. Furthermore, early NSC
grafting after injury considerably restrained abnormal migration of newly born neurons into
the DH and occurrence of basal dendrites from newly born neurons (Fig. 3). This change
appeared to be mediated through protection of a subclass of GABA-ergic interneurons (i.e.
neurons expressing an extracellular glycoprotein reelin) in the DG that are important for
guiding newly born neurons generated from NSCs into the granule cell layer [39,46]. From
the perspective of close association between hippocampal neurogenesis and cognitive and
mood function [1,27,28,47,48], it is likely that NSC grafting mediated normal extent and
pattern neurogenesis in the injured hippocampus and enhanced neurogenesis in the
contralateral hippocampus contributed to maintenance of normal memory and mood
function in grafted animals.

There are other factors, which may have also contributed to conservation of memory and
mood function after NSC grafting in this study. First, substantial portions of NSC graft-
derived cells expressed a number of valuable neurotrophic factors including the GDNF,
BDNF, FGF-2, and vascular endothelial growth factor (VEGF). Apart from having
neuroprotective function and the ability for enhancing NSC proliferation and neurogenesis,
these factors can also improve cognitive and mood function [49-53]. Additionally, GDNF
can suppress seizures [54], and BDNF and FGF-2 can reduce epileptogenesis and
hyperexcitability that ensue after hippocampal injury [55]. Second, NSC grafting added
significant numbers of GABA-ergic neurons into the injured hippocampus. This may have
increased the concentration of GABA and contributed to improved memory and mood
function. This is because, hippocampal injury causes considerable loss of GABA-ergic
interneurons in the chronic phase [56], major depressive disorders are linked with reduced
levels of GABA in brain regions (57), GABA receptor activation reverses memory deficits
in an animal model of schizophrenia [58] and administration of GABA enhancing drugs
reverses memory deficits in aged rats [59]. Overall, this study demonstrated that early NSC
grafting intervention after hippocampal injury is efficacious for thwarting mood and
memory dysfunction as well as reduced and abnormal neurogenesis. Figure 4 illustrates how
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NSC grafting intervention into the hippocampus in the early phase after injury modulates an
abnormal hippocampal post-injury plasticity to promote the maintenance of normal memory
and mood function and to restrain the development of chronic epilepsy.

Another recent study in a mouse model of bilateral hippocampal injury also reported similar
findings [60]. Specifically, grafting of NSCs overexpressing the neurotrophic factor insulin-
like growth factor-1 (IGF-1) into the hippocampus early after injury eased injury-induced
cognitive impairment [60]. Histological characterization showed that early NSC grafting
after injury maintained hippocampal neurogenesis to near normal levels and restrained the
appearance of reactive astrocytes. Additional analyses showed that functional recovery after
grafting was associated with survival of neurons and glia derived from grafted NSCs.

NSC grafting is efficacious for improving hippocampus function after traumatic brain
injury (TBI) or AD

Grafting studies in animal models of TBI, stroke and AD have also demonstrated beneficial
effects of NSC grafts for alleviating hippocampal injury/neurodegeneration mediated
functional deficits. In a model of TBI, NSC grafting prevented cognitive deficits two weeks
after TBI by reducing injury-induced progressive axonal degeneration in the fimbria and
other brain regions [61,62]. This appeared to be mediated through release of GDNF by graft-
derived cells as well as blocking of abnormal accumulation of amyloid precursor protein
(APP) in axons and dendrites of hippocampal neurons. APP is a protein that forms
conspicuous aggregates in AD brains and increased expression of APP disturbs axonal
transport and causes axonal swellings through abnormal accumulation, which is believed to
be one of the causes for the evolution of initial TBI-induced neurodegeneration into
cognitive dysfunction [62,63]. Furthermore, NSC grafting counteracted TBI induced
aberrant accumulation of alpha-smooth muscle actin in hippocampal neurons. In another
study, Park and colleagues [64] investigated the effects of grafting of human NSCs that are
genetically modified to secrete choline acetyltransferase (the synthesizing enzyme of
acetylcholine) into the hippocampus following kainic acid induced injury in the CA3 region.
They showed that NSC grafts eased hippocampal injury induced learning and memory
deficits. Additional analyses demonstrated that graft-derived cells targeted the injured CA3
region and differentiated into neurons and astrocytes, and increased the overall
concentration of acetylcholine in the cerebrospinal fluid. Thus, combined NSC grafting and
gene therapy seemed to have increased efficacy in some injury models. However, issues
such as timing of grafting intervention and the most suitable brain region for grafting after
TBI need to be determined for further enhancing the efficacy of NSC grafts for functional
recovery after TBI [65].

An investigation in an animal model of AD has also shown beneficial effects of NSC
grafting into the hippocampus [38]. This study investigated the efficacy of NSC grafts
placed into the hippocampus of aged transgenic mouse (3xTg-AD mouse) displaying the
characteristics of AD. The results demonstrated that in spite of the prevalent and established
pathology typified by APP plaques and tau-protein mediated neurofibrillary tangles, NSC
grafting alleviated spatial learning and memory deficits seen in Alzheimer’s mice. Of
interest is the finding that grafted NSCs did not alter plaques or tangles that were prevalent
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in the Alzheimer mouse brain but improved cognition via enhancement of hippocampal
synaptic density, which was mediated through secretion of BDNF [38]. This was validated
through gain-of-function and loss-of-function studies, which revealed that administration of
recombinant BDNF reproduced the positive outcomes of NSC grafting but depletion of
NSC-derived BDNF failed to alleviate cognitive dysfunction [38]. Overall, this study
revealed that NSC grafting could also be efficient for relieving much complex behavioral
deficits linked with AD.

NSC grafting can ease cognitive and mood dysfunction and chronic epilepsy development
following SE

SE is a life threatening emergency condition typified by prolonged seizure activity and
affects ~150,000 Americans every year with ~20% mortality [66,67]. SE resulting from
multiple causes (e.g. head trauma, stroke, tumors, neurodegenerative conditions) is often
implicated in initiating epileptogenesis, a progression by which a normal brain tissue is
malformed into a tissue that can engender SRS [68]. Hippocampus is highly susceptible to
SE and hence hippocampal neurodegeneration is one of the most conspicuous consequences
of SE. Although the extent of neurodegeneration varies depending on the duration and
intensity of SE, a cascade of morphological and functional changes typically follows this
initial precipitating injury (IP1) in the hippocampus over weeks and months, which
eventually culminates in the manifestation of TLE typified by SRS, depression, memory
dysfunction, and decreased and abnormal hippocampal neurogenesis [14,23,69,70,71]. Most
antiepileptic drugs (AEDs) used for controlling seizures after SE are not antiepileptogenic
[68], as clinical trials have shown that administration of AEDs such as phenytoin,
phenobarbital, carbamazepine or valproate do not prevent epileptogenesis and TLE
development after acute brain insults [72—74]. Studies in post-SE animal models of TLE
also point out the lack of antiepileptogenic effect of AEDs after SE [68]. Thus, currently
available medications simply suppress acute seizures but fail to prevent SE-induced
epileptogenesis and development of chronic TLE.

While multiple causes have been proposed for SE-induced SRS, its link to hippocampal
alterations such as the loss of different subclasses of GABA-ergic interneurons and failure of
inhibition [69], persistent neuroinflammation typified by reactive astrocytes and activated
microglia [75], and aberrant neurogenesis in the early phase after SE [19,76,77] have
received significant support. On the other hand, SE-induced mood and memory dysfunction
are likely linked to progressive loss of hippocampal principal neurons (e.g. hippocampal
sclerosis in chronic TLE) and greatly declined DG neurogenesis in the chronic phase after
SE [14,23,78,79]. An ideal interventional treatment strategy applied shortly after an episode
of SE should therefore be capable of protecting the left over hippocampal principal neurons
and subclasses of GABA-ergic interneurons, diminishing inflammation, adding new GABA-
ergic interneurons, maintaining the extent and pattern of hippocampal neurogenesis at
normal levels. From these viewpoints, NSC grafting appears promising as a treatment for SE
because, NSCs have the potential to release a multitude of neuroprotective factors, suppress
inflammation, add new GABA-ergic interneurons, and maintain hippocampal neurogenesis
at normal levels through addition of fresh NSCs to the neurogenic niche, stimulation of
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endogenous NSC proliferation and facilitation of increased neuronal differentiation of the
progeny of NSCs [26,31,37,44].

Indeed, a recent study suggests that early grafting of NSCs after SE can considerably ease
SRS occurring in the chronic phase after SE [40]. SE was induced through graded
intraperitoneal injections of kainic acid and bilateral grafting of postnatal SVZ-derived
NSCs into the hippocampus was performed seven days after SE. Measurement of behavioral
SRS at 3-5 months after SE showed greatly reduced frequency and intensity of SRS in rats
receiving NSC grafts after SE, in comparison to rats receiving no grafts or dead NSC grafts
[40]. Continuous video-electroencephalographic (video-EEG) recordings also demonstrated
reduced frequency and intensity of SRS in rats receiving NSC grafts. It comprised 59%
reduction in the frequency of all SRS, 97% reduction in the frequency of stage-V SRS (the
most severe form of seizures), 45% reduction in the duration of individual SRS and 72%
reduction in the amount of recorded time spent in seizure activity [40]. Analyses of
recognition memory function through a novel object recognition test revealed preserved
memory function in rats receiving NSC grafts after SE but not in rats that underwent SE
alone. Characterization using a forced swim test revealed that depressive-like behavior
(another co-morbidity of TLE) was completely abolished in animals receiving NSC grafts
after SE, in comparison to animals receiving no grafts after SE. Histological analyses
revealed that the yield of graft-derived cells was equivalent to ~89% of injected cells and
~24% of graft-derived cells differentiated into neurons. Significant fractions of grafted cells
also migrated into the neurogenic SGZ-granule cell layer of the DG where 75% of them
integrated as neurons. Furthermore, graft-derived cells differentiated into GABA-ergic
interneurons (~22%) and astrocytes secreting neurotrophic factors (~60%). Additionally,
NSC grafting intervention after SE considerably preserved subclasses of host GABA-ergic
interneurons synthesizing neuropeptide Y (NPY) and PV in the DG. Protection of these
interneurons by NSC grafting has functional relevance. First, NPY can inhibit the activity of
excitatory neurons in the DG through hyperpolarization and inhibition of glutamate release
(80,81), act as a robust anticonvulsant protein (82), and potent stimulator of NSC
proliferation in the hippocampus (83,84). Second, PV (a calcium binding protein expressed
conspicuously in fast-spiking GABA-ergic hippocampal interneurons) plays important roles
in the synchronization of excitatory neurons during network oscillations and maintenance of
cognitive function (85,86). Collectively, the results of this study suggested that grafting of
NSCs into the hippocampus early after SE can promote multiple effects that are beneficial
not only for restraining the evolution of initial SE-induced injury a state of chronic SRS but
also for easing SE-induced cognitive and mood dysfunction.

Issues to resolve prior to considering clinical application of NSC grafting for hippocampal

injury

Studies conferred above support that NSC grafting intervention early after unilateral
hippocampal injury is efficacious for averting or considerably alleviating impairments in
memory and mood function [39]. Studies in SE model suggested that this approach is also
beneficial for greatly diminishing the frequency and intensity of SRS that ensue in the
chronic phase after an IPI [40]. However, NSC grafting alone did not appear to be adequate
for blocking the incidence of chronic TLE after a major IPI causing bilateral hippocampal
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damage such as after SE [40]. Prevention of chronic TLE development following bilateral
hippocampal damage may need approaches that combine NSC grafting with novel
antiepileptogenic drug therapy.

Nonetheless, clinical application of NSC grafting as a prophylaxis against unilateral
hippocampal injury mediated memory and mood impairments appears attractive though
there are some concerns, which need to be resolved before considering clinical application
of NSC grafting. The primary issue is the apt source of adequate numbers of human-derived
transplantable NSCs. Although NSCs can be acquired from autopsied tissue samples from
NSC enriched regions (e.g. SVZ and hippocampus) of postnatal or adult brains, these
sources may not be plentiful for routine NSC grafting therapy for neurological conditions
because of snags such as the prerequisite to collect tissues for NSC expansion within
specific hours after death, and a possible inconsistency between autopsy samples collected
from different age groups and at different time intervals after death. Besides, expansion of
human NSCs from autopsied adult brain samples in vitro may not correspond to levels
obtained from fresh rodent brains, which may impede the ability to obtain adequate numbers
of NSCs for cell therapy. These drawbacks have obligated scientists to consider other
sources of NSCs for clinical therapy. From this standpoint, NSCs produced from pluripotent
human embryonic stem cells (hESCs) obtained from the blastocyst stage of embryo or
human induced pluripotent stem cells (hiPSCs) obtained via reprogramming of somatic cells
such as skin fibroblasts appears attractive because both hESCs and hiPSCs can easily
generate unrestricted numbers of NSCs for grafting [87—90]. However, there are some major
hurdles for the clinical use of NSCs derived from these pluripotent stem cells. First, there is
a concern that NSCs expanded from hESCs and hiPSCs may carry genetic and epigenetic
abnormalities, which necessitates testing of every batch of NSCs prior to grafting for normal
NSC gene signatures [89,90]. Second, it is important that NSCs generated from hESCs and
hiPSCs be purified to hundred percent as inclusion of even a single pluripotent stem cell in
the NSC suspension prepared for grafting may potentially cause formation of teratoma, a
mixed tumor comprising tissue types generated from ectoderm, endoderm and mesoderm
lineage cells [90]. Development of innovative techniques that eliminate teratoma formation
from cells generated from pluripotent stem cells is needed to avoid tumors from such cells
following grafting. Thus, although there are many sources of NSCs that may be used for
grafting, because of issues discussed above, advancement towards clinical application of
NSC therapy for neurological conditions has been moving slowly but steadily. Even so,
there is a lot of enthusiasm and optimism for such therapies to advance into clinic in the
coming years because preclinical studies reinforcing the safety and functional competence of
NSCs derived from such cells are growing in the literature [89].
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Highlights
Hippocampal injuries typically evolve into cognitive dysfunction, depression, and/or
epilepsy.
Neural stem cell grafting early after injury has promise for preventing neurological
deficits.
Neural stem cell grafting early after injury modulates aberrant hippocampal post-
injury plasticity.
Neural stem cell grafting adds new inhibitory GABA-ergic interneurons into the
hippocampus.

Neural stem cell grafting adds new astrocytes secreting a variety of neurotrophic
factors.

Issues such as source of neural stem cells need to be resolved prior to clinical
application of neural stem cell grafts for hippocampal injury.
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GABA-ergic Neurons Derived from GABA-ergic Neurons from Human
Rat Subventricular Zone NSCs Induced Pluripotent Stem Cell (hiPSC) Derived NSCs

Figure 1.
Gamma-amino butyric acid (GABA) positive neurons derived from postnatal rat

subventricular zone neural stem cells (A1-A3) and neural stem cells generated from human
induced pluripotent stem cells (B1-B3). Al and B1, TuJ-1. A2 and B2, GABA. A3 and B3,
merged photographs showing both TuJ-1 and GABA expression. Scale bar, A1-A3 = 50
pum. B1-B3, = 25 um.
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Figure 2.
Differentiation of 5’-bromodeoxyuridine positive (red) cells derived from a neural stem cell

graft into: (i) neuron-specific nuclear antigen (NeuN) positive neurons near the graft core
(A1-A3) and the granule cell layer (GCL; B1-B3); (ii) gamma-amino butyric acid (GABA)
positive neurons (C1-C3), S100p+ astrocytes (D1-D3), 2/,3’-Cyclic-nucleotide 3’-
phosphodiesterase (CNPase) positive oligodendrocytes (E1-E3) and NG2+ oligodendrocyte
progenitors (F1-F3). Scale bar, A1-A3: 200 um; B1-B3, C1-C3, D1-D3, E1-E3: 10 um;
F1-F3=20 um. Figure reproduced from Hattiangady and Shetty, Sem Cells Trans Med,
1:696-708, 2012.
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Figure 3.
Grafting of subventricular zone-neural stem cells (SVZ-NSCs) into the hippocampus (HPS)

maintains neurogenesis and neural stem cell (NSC) activity at levels comparable to the intact
control HPS and preserves reelin+ interneurons in the dentate gyrus. * = p<0.05; ** =
p<0.01; ***=p<0.001. A1-D1: Extent of neurogenesis measured through doublecortin
(DCX) immunostaining. E1-F4: Pattern of neurogenesis. Note that, in comparison to naive
control rats (A1-A2 & D1; E1 & E4; F1 & F4), rats receiving sham-grafting surgery after
hippocampal injury exhibit: (i) decreased neurogenesis (B1, B2, D1); (ii) greater fractions of
newly born neurons migrating abnormally into the dentate hilus (E2, E4); (iii) increased
occurrences of aberrant basal dendrites from newly born neurons (F2, F4). In contrast, rats
receiving SVZ-NSC grafts after hippocampal injury display neurogenesis (C1, C2, D1) to
levels observed in naive control rats. Additionally, both abnormal hilar migration of newly
born neurons (E3, E4) and occurrences of aberrant basal dendrites are greatly reduced in
these rats (F3, F4). DH, dentate hilus; GCL, granule cell layer; ML, molecular layer. Scale
bar, Al, B1, C1: 200 um; A2, B2, C2, F1-F3: 50um; E1-E3=100 pm. Figure reproduced
from Hattiangady and Shetty, Sem Cells Transl Med, 1:696-708, 2012.
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Hippocampal Injury
(Impaired calcium homeostasis and glutamate toxicity)
<~
Partial loss of principal neurons; Loss of some GABA-ergic interneurons; Activation of microglia;

Appearance of reactive astrocytes; Elevated levels of neurotrophic factors and pro-inflammatory
cytokines; Increased levels of neurogenesis; Aberrant migration of newly born neurons

v N

No Intervention or Sham Grafting Neural Stem Cell Grafting Intervention

- L

Addition of new GABA-ergic neurons

Addition of astrocytes secreting beneficial NTFs
(BDNF, FGF-2, GDNF, IGF-1, VEGF)

Normal extent of neurogenesis in the DG
Preservation of reelin+ interneurons in the DG
Apt migration of newly born neurons into the GCL
Subdued inflammation

Protection of residual GABA-ergic interneurons

Decreased neurogenesis in the DG

Loss of reelin+ interneurons in the DG
Aberrant migration of newly born
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Continued inflammation

Decreased concentration of NTFs
Delayed loss of GABA-ergic interneurons

L ~
Memory Dysfunction and Depression Normal Memory and Mood Function
Chronic Epilepsy typified by SRS No or Milder Epilepsy

Figure 4.
Potential mechanisms by which neural stem cell grafting intervention into the hippocampus

in the early phase after injury modulates hippocampal post-injury plasticity in the
intermediate and chronic phases after injury, promotes the maintenance of normal memory
and mood function, and restrains the development of chronic epilepsy. An initial injury to
hippocampus following head trauma, ischemia, stroke or status epilepticus likely involves
impaired neuronal calcium homeostasis and glutamate toxicity. In the acute phase after
injury, this leads to partial loss of principal neurons and gamma-amino butyric acid (GABA)
positive interneurons, activation of microglia, appearance of reactive astrocytes, increased
concentrations of neurotrophic factors and pro-inflammatory cytokines, and enhanced but
abnormal neurogenesis typified by aberrant migration of newly born neurons. Absence of
therapeutic intervention in the acute phase (left half of the figure) leads to multiple adverse
changes in the intermediate and chronic phases of injury, which comprise decreased
neurogenesis, loss of reelin+ interneurons in the dentate gyrus (DG), abnormal migration of
newly born neurons into the dentate hilus (DH) and the molecular layer (ML), sustained
inflammation, decreased concentration of multiple neurotrophic factors (NTFs) and further
loss of GABA positive interneurons. All of these changes are known to contribute towards
cognitive and mood dysfunction and chronic epilepsy development seen in the chronic phase
after injury. However, neural stem cell grafting intervention in the acute phase after injury
(right half of figure) considerably modulates these adverse effects with the addition of new
GABA-ergic neurons and astrocytes secreting a variety of neurotrophic factors, which in
turn contribute to the maintenance of normal memory and mood function and no or milder
epilepsy typified by diminished frequency and intensity of spontaneous recurrent seizures
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(SRS). BDNF, brain derived neurotrophic factor; FGF-2, fibroblast growth factor-2; IGF-1,
insulin-like growth factor-1; VEGF, vascular endothelial growth factor.
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Outcome of NSC Grafting in Hippocampal Injury/Neurodegeneration Prototypes on Memory and Mood

Function
Type of Injury Type of NSCs and Region and Effect on Memory Function Effect on Mood Function
Species Timing of grafting
KA-induced NSCs from the Injured CA3 Prevented spatial and Prevented depressive-like behavior
unilateral postnatal SVZ Region at 5 days recognition memory deficits
hippocampal injury after injury
in rat [39]
KA-induced bilateral ~ NSCs from the Injured Reduced Memory Deficits Not Examined

hippocampal injury
in mouse [60]

postnatal SVZ
transduced with IGF-1

hippocampus at 4
days after injury

KA-induced
unilateral
hippocampal injury
in rat [64]

Human NSCs
transduced with ChAT

Injured
hippocampus at 4
weeks after injury

Improved memory function

Not examined

Fluid Percussion
prototype of TBI in
rat [61]

Human fetal NSCs

Injured
hippocampus one-
day after TBI

Improved Memory Function

Not examined

Triple transgenic AD
mouse (3xTg-AD)
[38]

NSCs from the entire
postnatal day 1 brain

hippocampus of
18-month old mice
exhibiting Ap
plaques and NFTs

Improved Memory Function

Not examined

Status epilepticus
(SE) induced
hippocampal injury
in rat [40]

NSCs from the
postnatal SVZ

Injured hippocampi
(bilateral) 7-days
after SE

Prevented recognition
memory dysfunction

Prevented depressive-like behavior

AB, amyloid beta; AD, Alzheimer’s disease; BDNF, brain derived neurotrophic factor; ChAT, choline acetyltransferase; GD, gestation day; IGF-1,
insulin-like growth factor-1; KA, kainic acid; NFTs, neurofibrillary tangles; NSCs, neural stem cells; SE, status epilepticus; SVZ, subventricular
zone; TBI, traumatic brain injury.
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